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Abstract
Biorefineries are examples of industries striving towards a circular and bio-based economy through valorising natural raw 
materials to a spectrum of products. This is a resource-efficient process which also decreases overall environmental impact, 
as the products from a biorefinery can replace fossil-based products such as plastics or fuels. To become even more resource 
efficient, an optimisation of the by-product use can increase the performance. This study will evaluate different scenarios for 
the valorisation of stillage coming from a wheat-based biorefinery. The alternatives range from the direct use of the stillage 
for fodder, fertiliser or incineration to three different biogas production-based scenarios. The biogas scenarios are divided 
into the production of fuel at a local or distant plant and the alternative of creating heat and power at the local plant. The 
results show how locally produced biogas for vehicle fuel and fodder usage are the better alternatives regarding greenhouse 
gas emissions, the finances of the biorefinery, energy balance and nutrient recycling. The results also indicate that biorefiner-
ies with several high-value products may receive lower quality by-product flows, and to these, the biogas solutions become 
more relevant for valorising stillage while improving value and performance for the biorefinery.
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Statement of Novelty

This research was undertaken as the importance of by-
product valorisation in biorefineries are not commonly 
assessed. The study also wanted to include estimations of 
nutrient recycling as it is important in biobased systems to 
take care of the nutrients in the biomass. The article point 
out the importance of broader assessments of biorefiner-
ies. This study has shown that biogas solutions contribute 
to nutrient recycling and are also a valorisation method 
which can be viable even if the quality of the by-product 
stream is poor.

Introduction

Efficient resource use in production facilities calls for opti-
misation of the entire product portfolio. Historically, busi-
nesses have typically focused on the process optimisation 
of one main product, while by-product valorisation often 
has been neglected. Thus, there is often an improvement 
potential in those flows. By-products can either be further 
valorised internally or through collaborative approaches 
with neighbouring independent actors. The latter, which 
represents a higher organisational complexity, is often 
termed industrial symbiosis.

Biorefinery concepts become more widespread [1] and 
include a more holistic solution including value creation 
from a range of by-products. The definition of a biorefin-
ery formulated by the International Energy Agency (IEA) 
reads, “sustainable processing of biomass into a spectrum 
of marketable products (food, feed, materials and chemi-
cals) and energy (fuels, power and heat)” [ [2], p. 2]. In the 
bio-based economy, industries can increase the overall per-
formance of their main products by utilising by-products 
for further refinement in a biorefinery [3]. Upgrading raw 
materials to many different products is efficient both for 
the company’s economy and the environment. However, 
this can be neglected due to the difficulties for companies 
to handle too many development projects, especially if 
they are outside their core business. Different actors can 
act together in a network of actors, but their joint func-
tion can be seen as one biorefinery system. Upcycling is 
a concept covering the processes when low valued by-
product streams are used to create products such as fodder 
or energy, providing more value for the business [3, 4].

The diversity of the product portfolio of a biorefinery is 
likely to vary over time, which depends on a certain resil-
ience capacity of the system. Biorefinery development will 
typically generate a number of by-products with higher 
value. Thus, remaining by-product streams will often have 

low-quality for instance in terms of low nutrient content, 
low energy density or be technically hard to treat. Being 
able to successfully upcycle these materials can help sus-
tain the biorefinery industry [5].

Biorefinery networks processing raw materials used for 
food are often situated near arable land, and they process 
food products and divert by-products to fodder production, 
biogas production or fertiliser in the nearby region. The agri-
cultural sector is an important part of the bioeconomy. Food 
production faces many sustainability-related challenges. It 
relies on fossil inputs for mechanical treatment and fertilisers 
and creates pollution-related problems [6]. As transporta-
tion in the agricultural sector is fossil dependant, solutions 
for renewable options are important. Assessing sustainabil-
ity in this sector calls for broader assessments that are for 
instance not neglecting the urgent nutrient supply issue [7]. 
Nutrients from by-products have the potential to improve 
the environmental performance of the production system 
[8] and are important in the circular economy [9]. Common 
treatments of agricultural low-value by-product streams in 
Sweden today are anaerobic digestion (up-graded to vehicle 
fuel and biofertiliser), fodder production, waste incinera-
tion with combined heat and power (CHP) and direct use 
as fertiliser [10].

When assessing the effects of different uses of by-product 
flows, it is important to apply a system perspective regarding 
the impact the different valorisation alternatives may have. 
To address this objective, a framework is developed where 
the studied alternatives also should be economically feasible 
for the biorefinery and develop upcycling pathways.

The aim of the current study is to analyse and understand 
what effects different uses of low-quality by-products in a 
wheat-based biorefinery have. In order to do that, a frame-
work covering climate impact, energy and nutrient efficiency 
and finance is developed and applied to the study.

Method

This assessment is based on a real case of a Swedish wheat-
based biorefinery. The biorefinery uses winter wheat as raw 
material and produces starch, gluten, ethanol, stillage and 
products refined into syrups in a different plant. Mapping of 
flows and actors involved has been important in the further 
assessments of the scenarios. The methodology illustrated 
in Fig. 1 shows how interviews, literature reviews and data 
collection have been used throughout the phases of the work. 
In Fig. 1, the chosen scenarios are shown but are further 
explained in “Scenario Descriptions and Data Collection” 
section. Scenarios as a method are useful when there are 
uncertainties regarding future developments [11]. In this 
case, alternative valorisations are possible and several pre-
dictive what-if scenarios with quantitative evaluation in a 
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short time frame period are used. A predictive what-if sce-
nario is designed towards alternatives that have not happened 
[12]. Each and every scenario is evaluated on four chosen 
aspects illustrated in Fig. 1, and the method corresponding 
to each aspect is seen in the figure. The motivation behind 
these aspects is connected to the environmental and finan-
cial performance of an industrial system. Climate impact, 
energy use and nutrient recycling will capture the environ-
mental aspects of different scenarios, while the finances will 
show the feasibility for the biorefinery to choose a specific 
scenario. The aspects are further explained in “Evaluating 
Aspects” section.

To assess the different valorisation alternatives, a system 
analysis looking into several different aspects gives a broad 
picture. Similar studies to this have been done previously, 
but have not evaluated as many scenarios [13–16]. The focus 
here lies on upcycling low-qualitative by-product flows in 
a biorefinery setting, as few studies in this area have been 
identified in the literature.

In the end, a sensitivity analysis is performed based on 
parameters which are noted to be uncertain or have signifi-
cant impact. The parameters will be chosen after the assess-
ment is performed and will give alternative representations 
of the results.

Case Description

All the scenarios are based on a wheat-based biorefinery sit-
uated in a city with approximately 30,000 inhabitants in the 
middle of Sweden, in a region with farming activities. The 
biorefinery requires approximately 140,000 tonnes of winter 
wheat in its production, and the total amount of stillage pro-
duced is 210,000 tonnes; data regarding the characteristics 

are provided by the biorefinery company. During distilla-
tion, the mash of wheat and water is separated from the pure 
ethanol product. This mash, called stillage, has an average 
dry matter (DM) content of 8%, as three stillage fractions 
are mixed. The stillage has a relatively low protein content 
of 17% per kg DM compared to other studies, where protein 
content ranges between 28 and 41% per kg DM [14]. A rea-
son for this is the extraction of several high-value products 
in the studied biorefinery resulting in a low-quality stillage. 
There are still, however, several uses for the stillage, and it 
is worthwhile to evaluate which valorisation methods can 
improve the overall performance.

To compare the evaluated aspects in each scenario with 
each other, we assume all stillage produced is used for one 
single purpose. Transports are done by the same type of 
trucks in all scenarios as long as nothing else is mentioned. 
The emissions from the trucks are based on the size of the 
truck. Longer distances (further than 100 km) are assumed to 
be heavier than 32 tonnes and emit 0.1119 kg CO2/tonne km, 
while shorter-distance trucks are between 16 and 32 tonnes 
and emit 0.174 kg  CO2/tonne km [17].

Choosing Scenarios

In the real case which the study is based on, several valorisa-
tion alternatives of the stillage have already been performed. 
More than half of the stillage flow leaves as fodder, a third 
goes to the local biogas plant for vehicle fuel production, 
and the rest is transported to biogas plants further away or 
is used directly as fertiliser. These alternatives are feasible 
and also backed by a Swedish study on the uses of food 
industry waste [10]. Niklasson [10] also mention the pos-
sibility for incineration, which is included in this study as 

Fig. 1  Methodology flowchart
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the municipal waste incineration plant is situated next door 
to the biorefinery. In addition to the local and distant biogas 
plant for vehicle fuel, a final scenario where the local biogas 
plant produces heat and power is assessed.

Due to Swedish legislation, a landfill option is not evalu-
ated as it is banned to landfill organic materials. The results 
for the biogas-to-heat-and-power scenario will also be coun-
try specific, as the Swedish power generation is close to 
emission neutral and relatively cheap [18].

Evaluating Aspects

Greenhouse Gas Emissions

The greenhouse gas emissions (GHG) are estimated with 
a life cycle analysis (LCA). Included in the calculations 
are the transportation of stillage, the emissions from fur-
ther processing of the stillage and the distributions of the 
final products.  N2O emissions are included and converted 
to  CO2-eq where biofertiliser or stillage has been applied 
to soils; in the results, they are presented in the production 
emissions. Data regarding  N2O emissions are taken from the 
IPCC guidelines for national GHG inventories [19]. Methane 
emissions from the spreading of fertiliser are assumed to be 
negligible [20] but are included when it comes to methane 
slippage in biogas production. The functional unit in this 
LCA is 1 tonne of stillage treated. The system boundaries 
start at the back gate of the biorefinery until the use of the 
final products, and emissions caused by animals eating fod-
der are not included. Cradle-to-back gate is excluded in the 
assessment, as the emissions from the biorefinery will be 
the same for all compared cases. Biomaterials which are 
combusted count as zero emission, as it can be assumed their 
 CO2 content is neutral due to the short carbon cycle. As an 

allocation method, system expansion has been used (recom-
mended by ISO 14040). In system expansion, it is assumed 
that a product produced in the scenario replaces another 
product. This replaced product would have had an impact 
which is now avoided and shows up as a negative impact on 
the results. The specific products which are replaced in each 
scenario are chosen in regard to the product of the scenario; 
these are listed in Table 1.

Energy Balance

Energy balance is an estimation of energy needs in the sce-
narios and energy generated per tonne of stillage in the sce-
narios. The system boundaries are again set from the back 
gate of the biorefinery to final use of the product. Energy 
needs mainly come from transportation and production 
processes of the stillage. Energy need for the spreading of 
fertiliser is neglected due to the small amount of energy 
needed. The energy generated is estimated based on the 
energy content of the specific products. The results show 
energy need, and generation divided into electricity, heat 
and fuel. As fuels are a more highly valued form of energy 
than for example heat [21], the amount of energy should not 
be compared equally. This study does not consider the dif-
ference in the estimations but presents the different energy 
forms individually in the results.

Finances

The estimations for the financial assessment are based on 
cost and income, which the alternative valorisation brings 
to the biorefinery company. Data is based on interviews with 
the biorefinery, a biogas plant and the incineration plant. 
From those, information regarding transportation costs and 

Table 1  Scenario information

The three last scenarios connected to biogas solutions have several assumptions in common, and thus were combined into one column

Scenario Products Avoided products Actors Assumptions

1. Fodder Stillage fodder Swedish pig fodder Animal farms • Transport distance
• Pig fodder

2. Fertiliser Stillage fertiliser Mineral fertiliser Agricultural farms • Transport distance
• Characteristics of swine manure
• Neglect impact from fertiliser distribution

3. Incineration Stillage for energy Municipal solid waste 
(MSW) for energy

Municipal combined 
heat and power 
plant

• Pump energy is neglected
• Energy content
• Temperature of stillage

4. Local biogas as 
vehicle fuel

Biogas fuel and 
biofertiliser

Gasoline and mineral 
fertiliser

Local biogas plant • No co-digestion
• Nutrient-content
• Neglected impact of 

fertiliser distribution
• No reject fraction

• Transport distances

5. Local biogas CHP Heat and power and 
biofertiliser

Mean Nordic electric-
ity, heat and mineral 
fertiliser

Local biogas plant • Ratio heat vs. power
• Grid is available

6. Distant biogas as 
vehicle fuel

Biogas fuel and 
biofertiliser

Gasoline and mineral 
fertiliser

Distant biogas plant • Transport distances
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sales price of the stillage is collected. Interviewees mention 
which scenarios result in approximately the same income or 
which came with a cost. Financial data is sensitive, so spe-
cific numbers are rarely given. If large spans are provided, 
averages are used. As transportation cost is a large part of 
the cost related to stillage, the transportation distances are 
important for possible profit for the biorefinery. The results 
in this article are normalised to protect the involved actors. 
The stillage sell price for the biogas-as-vehicle fuel scenario 
has been set as the normalising value, and thus 1, in the 
results.

Nutrients

The nutrient aspect is evaluated to illustrate the possibility 
to replace mineral fertiliser with alternative fertiliser. The 
local nutrient perspective is important, as it reduces trans-
portation and environmental impact compared to external 
fertilisers. Analyses of the stillage are performed based on 
nitrogen (N-tot), ammonium  (NH4) and phosphorus (P-tot) 
content. This study uses  NH4 and P-tot in the results.  NH4 
is chosen as it is a compound more accessible to plants and 
the concentration increases after anaerobic digestion [22] 
and therefore provides different outcomes for fertiliser and 
biogas scenarios. P-tot accounts for both organic and inor-
ganic forms of phosphorous and will be used in the assess-
ment, as the uptake of phosphorus depends more on the type 
of soil than the composition of phosphorus [23].

The nutrient recycling is illustrated by comparing the 
nutrient content in the stillage or biofertiliser (digestate) to 
the amount of nutrients required to grow the wheat, which is 
originally used for the biorefinery production. The total need 
for nutrients to grow the required amount of winter wheat is 
estimated through common data about wheat fields in Swe-
den. An estimated 16,000 hectares are needed to produce the 
particular amount of wheat. The specific soil classification in 
the area of western Sweden is III [24]. This means that the 
nutrients required to grow wheat in those soils are around 
15 kg P/ha [ [25], p. 52], and 175 kg N/ha [ [25], p. 31]. We 
assume the nitrogen in mineral fertiliser is comparable to 
 NH4 as stated by Björnsson et al. [26].

Scenario Descriptions and Data Collection

The data regarding the scenarios mainly comes from inter-
views with the involved biogas plant, incineration plant 
and biorefinery. Additional data and data for the system 
expansions are gathered from existing literature. Data and 
calculations can be found in Online Resource 1. In each 
scenario, it is assumed that the full amount of stillage is 
used within the set boundaries. In Table 1 a summary 
of the scenarios is made regarding produced products, 

avoided products, involved actors and assumptions for 
each scenario.

Fodder

The stillage will be directly used as a wet fodder. Trans-
ports are therefore required to deliver to the animals in 
the nearby region, and according to interviews, 50 km is 
the mean distance to drive with the fodder to assure that 
income is higher than cost. The replaced product in the 
system expansion is assumed to be a Swedish-produced 
pig fodder, as there are known fodder factories situated 
nearby the studied town and pigs are the main target for 
stillage as fodder. The comparison is based on the average 
protein content of chosen fodders from a fodder producer 
[27]. This leads to a replacement of approximately 150 kg 
usual pig fodder per tonne of stillage. Financial informa-
tion is based on interviews with representatives from the 
biorefinery. They claim that the fodder customer is charged 
with the transport costs as well as a payment for the stil-
lage. No nutrients will be considered recirculated, as our 
system boundaries end when the fodder is delivered to the 
animals.

Fertiliser

In this scenario, the stillage will be used as fertiliser directly 
by farmers, which is feasible according to [28]. According 
to interviewed farmers, there are some problems regarding 
sedimentation and plant damage when distributing stillage 
as fertiliser. Alotaibi and Schoenau [13] compare the char-
acteristics of thin stillage to be similar to swine manure, 
which is used in the estimation of  N2O emissions. The 
average distance to the farms is set at 20 km. The product 
replaced in the system expansion will be imported mineral 
fertiliser transported by truck from 360 km away; this dis-
tance is set to possibly cover a longer ferry trip in combina-
tion with a truck, as the origin of mineral fertiliser is not 
known. The comparison with mineral fertiliser is based on 
one macronutrient at a time.  NH4, P and K in the alternative 
fertilisers are compared to N, P and K in mineral fertilisers, 
and greenhouse gas emissions are based on data from [26, 
29]. Transports will be made to the farms, and according 
to interviews, it is most likely the biorefinery which will 
pay for these. There exist analyses of the stillage content 
as a fertiliser by the biorefinery, and therefore the average 
ammonium content is approximately 0.7 kg NH4/tonne and 
phosphorus 0.4 kg P-tot/tonne of wet stillage. The replaced 
amount of mineral fertiliser is approximately 3 kg, based on 
the ammonium content.
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Incineration CHP

This scenario will incinerate the stillage in the munici-
pal combined heat and power plant (CHP). The stillage is 
assumed to be pumped from the biorefinery through pipes 
to the CHP, as they are situated within a few hundred meters 
of each other. The installation of new piping is not included 
in the calculations. For feasibility, the stillage is assumed to 
be sprayed on the regular waste, moisturising it. The green-
house gas and energy calculations are based on the energy 
content in the stillage and the water content when the stillage 
is 50 degree Celsius. The energy content in the stillage is 
assumed to be 20.24 MJ/kg DM [30], although the charac-
teristics might differ in this case the energy content of the 
dry matter is assumed to be similar. The CHP plant’s data 
has been used in the calculations regarding emissions and 
energy generation. In the system expansion, it is assumed the 
stillage replaces municipal solid household waste (MSW) 
from the region to generate the specific amount of energy. 
The financial information received claimed that this concept 
will be expensive for the provider of the stillage when the 
amount is so large. Nutrient recycling is not relevant in this 
scenario, as the ashes containing the nutrients are contami-
nated from other wastes incinerated.

Local Biogas as Vehicle Fuel

In this scenario, it is assumed that 100% of the stillage is 
used in the biogas plant. The amount of biogas produced 
for sales would be 687 MJ/tonne of stillage based on a VS 
content of 7.8% in the wet stillage; it can also be written as 
19.14  Nm3/tonne of stillage. In the system expansion, it is 
assumed that mineral fertiliser and fossil fuels are replaced 
by the biofertiliser and biogas. Most of the greenhouse gas 
emissions are connected to transportation. The biogas plant 
is situated 3 km from the biorefinery and receives the materi-
als by truck. The biofertiliser produced in the biogas plant 
is used by farmers in the region. According to interviews, 
80% of the farmers are situated within 20 km, and this is the 
reason why all fertiliser in the different scenarios is assumed 
to travel, on average, 20 km. The distance of transporting 
the biogas by truck is set at 130 km. Heating required in 
the biogas plant is generated by the internal use of meth-
ane gas, which is subtracted from the amount of methane 
generated. The large energy demand in the biogas for fuel 
process comes from the facility for upgrading the raw gas 
to biomethane, and the biogas plant pays the biorefinery for 
the stillage. Regarding nutrient recycling, the estimations 
are based on the nutrient content of the untreated stillage. 
According to Berglund [31], approximately 70% of N-tot 
is in the form of  NH4 in biofertiliser. In accordance with 
stillage analyses, the nitrogen content is 3.3 kg N-tot/tonne; 
see the Online Resource 1, for further calculations. P-tot 

is assumed to remain the same in the raw stillage and the 
biofertiliser. The replaced amount of mineral fertiliser is 
assumed to be about 5 kg/tonne of wet stillage based on the 
P content, as this was the limiting nutrient. When replacing 
gasoline, 0.74 kg biogas/L gasoline is assumed [32], and 
emissions on a well-to-wheel perspective are 2.94 kg  CO2/L 
gasoline [33].

Local Biogas CHP

This scenario is based on the idea that the local biogas plant 
will generate heat and power rather than producing vehicle 
fuel. This means all plant specific information will remain 
the same for the biogas plant, as in “Local Biogas as Vehicle 
Fuel” section. The products from this facility will be con-
nected to the local district heating and electricity networks 
and the energy demand is lower than in “Local Biogas as 
Vehicle Fuel” section, as no upgrading of the raw gas is 
required. When applying system expansion on this scenario, 
Mean Nordic electricity, heating from the local municipal 
waste incineration plant and mineral fertilisers are replaced. 
Regarding the energy generation, it is assumed that 43.3% 
electricity, 43.7% heat and 13% losses are generated from 
the biogas [34]. In the financial assessment, the willing-
ness to pay for the substrate is assumed to be relative to the 
difference in price between electricity and fuel gas. In this 
case, 1 kWh of fuel biogas costs approximately 1.38 SEK 
(0.13 EUR) and 1 kWh of electricity 0.35 SEK (0.033 EUR), 
which is approximately four times better payment for fuel 
than electricity (see [35] and [36]). The nutrient data is the 
same as in “Local Biogas as Vehicle Fuel” section.

Distant Biogas as Vehicle Fuel

If there is no biogas plant nearby, there would be a possibil-
ity to transport stillage to other biogas plants further away. 
In this case, several biogas plants have been identified as 
possible recipients for distances of 60-180 km, where an 
average of 120 km has been assumed in the calculations. 
Regarding the biogas plant itself, it is assumed to have the 
same characteristics as the one in “Local Biogas as Vehicle 
Fuel” section. Regarding the cost, we assume the payment is 
the same from the biogas plant but that the biorefinery will 
pay for the transport, which is more expensive for longer dis-
tances. Nutrient content will be estimated for this scenario, 
but it will not contribute to local nutrient recycling.
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Results

This section will present the results of the calculation made 
on GHG emissions, energy balance, financial situation and 
local nutrient recycling.

In Fig. 2a, the climate impact of the alternative valorisa-
tion methods is shown. The biogas-for-fuel scenarios have 
the most negative emissions, as emissions from gasoline 
and mineral fertilisers are avoided. They do have high direct 
emissions, though, due to long transport distances and the 
facility for upgrading. This means that the fodder scenario 
is as good as biogas for fuel when looking at the net GHG 
emissions. As the fodder scenario does not have long trans-
ports, the direct emissions are less than 10 kg  CO2eq/tonne 
of stillage.

Due to the high water content of the stillage (92%), incin-
eration is both expensive and energy demanding as a val-
orisation method. The positive GHG emissions are due to 
the energy from household waste required to evaporate the 
water in the stillage. The three biogas scenarios receive the 
best results in regard to energy generation and nutrient recy-
cling in this Swedish context (Fig. 2b, d). The biogas sce-
narios benefit from their potential energy generation and the 
nutrient-rich biofertiliser, which compared to the direct fer-
tiliser application scenario replaces more mineral fertiliser 
and thus avoids more GHG emissions. It is the increased 
amount of ammonium after digestion which results in better 
nutrient recycling in the biogas scenarios (Fig. 2d). While 
the biogas for fuel scenarios generate the most energy (see 
Fig. 2b), they also require the most energy, if incineration 
is excluded. When looking at energy demand the picture is 
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Fig. 2  Results. a Greenhouse gas emissions are presented in kg 
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narios in MJ/tonne of stillage. c The financial assessment, where the 
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providing the raw materials; the results of the distant biogas plant are 
greyed out, as it does not contribute to the local nutrient recycling. 
a–c Net values are marked with a black diamond; this is the result 
when positive and negative values are summarised
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different, as the fodder and fertiliser scenarios do not need 
any process energy which the biogas scenarios do. Among 
the biogas scenarios, the fuel production requires the most 
energy for the upgrading of raw gas to fuel gas. The financial 
results in Fig. 2c show the potential income for the biore-
finery. The biorefinery often has to pay transportation cost 
which results in lower revenue for long transport alterna-
tives. Therefore, financially, the local biogas for the fuel and 
fodder scenarios are equally good. The generation of heat 
and power in the biogas plant would also result in a small 
income for the biorefinery. The distant biogas plant and the 
use as fertiliser is a cost for the biorefinery, but if no other 
options are available, they might be used.

In general, we see that transportation has a great impact 
on the results. It increases emissions, energy use and cost. 
When assessing potential alternatives, the distances to cus-
tomers are therefore important.

Sensitivity Analysis

Parameters which are further investigated in this sensitiv-
ity analysis are either connected to assumptions regarding 
parameters used in the assessment or identified as a critical 
factor which will alter the whole project setup. Not all sce-
narios are assessed in the sensitivity analysis; only the ones 
affected the most by the chosen parameters are assessed.

Assumptions

Commonly assumed parameters affecting the results are 
transportation and energy aspects. Therefore, three of 
the assessments focus on this. The sensitivity analysis of 
transportation is replacing diesel trucks by trucks running 
on biogas with exhaust emissions assumed to be part of 
the natural carbon cycle. The energy evaluation is also 

made to create a more general discussion point regarding 
possible outcomes due to the origin of the energy used. 
The source of energy in the original results is the Nordic 
electricity mix, which has lower emissions than for exam-
ple the EU electricity mix or coal-based energy sources 
[18]. The scenarios, therefore, are re-evaluated with the 
emissions from those energy sources. Another assump-
tion which is very specific for this Swedish case is the 
origin of fodder. A common fodder replacement is soy-
based and imported from far away, in contrast to the local 
wheat-based fodder used in the assessment. The estima-
tions are done on greenhouse gas emissions to narrow the 
sensitivity analysis down. Qualitative comments are made 
regarding the other aspects evaluated earlier in the article.

The energy source chosen for this article was the Nordic 
electricity mix. If the plant were to be situated at a loca-
tion where coal-produced electricity or the EU electricity 
mix is common, the GHG emissions will increase for the 
scenarios with the largest electricity need, which are the 
biogas plants requiring technology for upgrading. On the 
other hand, the local biogas CHP scenario will improve 
environmentally as electricity generation from other 
sources is replaced by the renewable electricity generated 
from biogas. If the electricity replaced would be coal-
based it would avoid up to 7 times higher  CO2-eq emis-
sions compared to the current scenario [37]. The EU mix 
is estimated at a 2014 value of 275.9 g  CO2-eq/kWh [38]. 
In Fig. 3, the local biogas CHP scenario becomes the best 
alternative regarding GHG emissions when replacing coal, 
but no significant difference is seen when applying the EU 
electricity mix. Depending on the price of electricity, the 
costs are influencing the different scenarios. The fodder 
scenario does not have an electricity variable, and thus the 
estimations remain the same as in the original scenario.

If all transports in the scenarios were run on biogas 
instead of diesel, the results in Fig. 3 show how climate 

Fig. 3  Sensitivity analysis of 
greenhouse gas emissions for 
the scenarios fodder, fertiliser, 
local biogas as fuel and local 
biogas CHP scenarios
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impact improves for all scenarios. Scenarios with longer 
transport distances, the biogas-for-fuel scenario, for 
example, has both transportation of stillage to the plant 
and transportation of biogas to fuelling stations, and the 
reduced impact is larger than for scenarios with shorter 
distances.

If changing the replaced fodder to imported soybean 
fodder where the emissions are 810 kg  CO2-eq/tonne fod-
der [37] and protein content 470 g/kg fodder (see [39] and 
[40]), the replaced amount of fodder by one tonne of stil-
lage becomes lower and the avoided emissions are lower 
than for Swedish fodder per replaced tonne of stillage. When 
transportation by truck is longer than 4500 km, the avoided 
emissions for soy fodder are larger than for the Swedish local 
fodder.

Critical Factor

A critical factor to assess is the protein content of the still-
age. As it is confirmed, the protein content in the assessed 
stillage is much lower than in other studies, and it is interest-
ing to see how the results change due to the protein content.

If we assume the stillage has a 41% protein content, which 
is a high value [14], the net result for the fodder scenario 
becomes almost three times better than today, that is, 138 kg 
of carbon dioxide per tonne of stillage is avoided in this 
assessment when more conventional fodder can be replaced. 
The biogas scenarios also improve as it is assumed that  NH4 
content in the biofertiliser is linear to the protein content. 
The increased amount of nutrients can replace a larger share 
of the mineral fertilisers, thus leading to more avoided emis-
sions. In this case, the local-biogas-for-fuel scenario increase 
to 80 and local-biogas-for-heat-and-power scenario increase 
to 65 kg of net  CO2 avoided emissions per tonne of still-
age. Higher protein content could possibly increase biogas 
exchange in the reactors [41], but this is not accounted for 
in this assessment. With higher protein content, the potential 
income could probably increase for all scenarios, and the 
nutrient circulation will also improve for the fertiliser and 
biogas scenarios.

Discussion

The results point toward biogas solutions or direct use as 
fodder as the two most attractive valorisation alternatives 
for stillage from an environmental and financial perspec-
tive. In other studies, for instance, Bernesson and Strid [14], 
fodder alternatives often come out as the preferable option 
in most impact categories, with biogas solutions closely 
behind. Such fodder-favouring studies often display higher 
protein content than this study. The lower protein content 
is due to the extraction of separate proteins in the earlier 

processes. Lower protein content implies lower amounts of 
replaced fodder and fertiliser, which influence the results of 
the study. A study by Sajbrt et al. [42] reveals high cost for 
implementing the fodder alternative since it involved drying, 
while this study uses the wet stillage directly as fodder, as it 
is mixed with other fodder components by the farmers. The 
benefit of drying the fodder is that it makes transports more 
efficient and increases the potential for higher income for 
the biorefinery. It could still, however, be hard to financially 
motivate since it is a low-priced by-product.

The design of the scenarios is important for the results. 
The sensitivity analysis shows how the biogas CHP option 
improves when it substitutes coal-based electricity rather 
than the Nordic electricity mix. The performance of the 
distant biogas scenario would improve if there was a local 
biogas market because the transportation of the biogas 
would be reduced. Also, the incineration scenario could be 
improved if smaller amounts of stillage were treated. Smaller 
amounts of stillage could be incinerated with better perfor-
mance when mixed with drier fuels. This would result in 
lower costs for the biorefinery as well as a better overall 
energy balance for the incineration plant.

All of the biogas scenarios could benefit from co-diges-
tion for increased biogas exchange [43]. Applying such data 
to this study would lead to higher biogas fuel generation and 
more avoided products for the biogas scenarios. A combi-
nation of different valorisation alternatives could be a pos-
sible option, implying improved redundancy of the system. 
One such interesting combination is if the fodder scenario 
is expanded to include biogas production from the manure 
produced by the animals. Nutrients in digested manure are 
often more available than applying manure directly [44]. 
This would improve the valorisation of the wheat.

This article tries to emphasise the importance of improved 
valorisation of low-quality by-products in biorefinery set-
tings. Optimising the value output from one raw material 
might become crucial in the future circular and bio-based 
economy with resource constraints. This could, for example, 
be done through technological improvements and pretreat-
ment of biomass leading to more product extraction (see 
[45, 46]). The importance of valorisation in biorefineries is 
discussed by Trakulvichean et al. [47], who have studied the 
valorisation of cassava cellulosic waste to increase value in 
starch factories. Their environmental and financial assess-
ment concludes that using this waste for biogas production 
generating heat gives the best net present value, includ-
ing environmental costs. This finding, however, is valid in 
another energy system context than this study. Other stud-
ies focus on the potential of low-quality by-products, such 
as FitzPatrick et al. [48], who studied the forest industry. 
They conclude that there is a potential for high-value prod-
uct extraction from low-quality bio-waste streams if hemi-
cellulose and lignin are separated and treated individually. 
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They emphasise the importance of valorising biomass waste, 
which is also a central finding in this study. When assess-
ing alternative valorisations in biorefinery settings it can be 
relevant to consider the economic conditions, distance to raw 
material, other entities and market as well as know-how of a 
biorefining production system [49].

It is likely that as more highly valued products are 
extracted from biomass, more low-value by-products will 
be also generated, calling for further treatment solutions. 
Biogas solutions have a potential to contribute in this regard 
as they are versatile [50] and add value to industrial sys-
tems [3], almost regardless of the quality of the by-product 
streams. Biogas solutions in this study have the advantage 
of performing well in both environmental and financial cat-
egories. There are also reports from actors in the studied 
setting about further added value, which is not included in 
this assessment. Some of this added value can be identified 
when you assume a scenario without biogas solutions. Mar-
ket opportunities for stillage would be restricted, as the fod-
der market would become saturated and the biorefinery will 
have to pay more for transportation. Fewer vehicles would 
use renewable and clean fuel, and the organic farmers sur-
rounding the biorefinery plant would not be able to get hold 
of renewable fertilisers as cheaply and easily. Biogas solu-
tions improve performance and reduce environmental impact 
for several systems around the actual facility as suppliers, 
customers, farmers, municipality and private persons are 
affected by their activities.

Conclusion

This article has assessed which valorisation alternatives of 
stillage from ethanol production are the most beneficial envi-
ronmentally and financially for a biorefinery network. The 
study focused on an ethanol plant and the actors required for 
valorising the low-quality stillage. The results and discus-
sion conclude that biogas solutions are viable both for envi-
ronmental and financial reasons, especially if the stillage or 
biorefinery by-product is of low-quality and therefore loose 
value as a fodder which otherwise can be a good alternative 
too according to the results. This study has also contributed 
with an evaluation of local nutrient recirculation of each val-
orisation alternative, where the biogas plant studied, return 
the most nutrients to local farmers which improve overall 
sustainability of the studied system.
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